Most lipases of Gram-negative bacteria require a lipase-specific foldase (Lif) in order to fold in the periplasm into their active, protease-resistant conformation prior to their secretion. The periplasmic domain of the Lif (amino acids 44-353) of Burkholderia glumae was purified as a His-tagged protein, and its function in the folding of lipase was studied in vitro. Refolding of the denatured lipase into its active conformation was dependent on the presence of the Lif. Circular dichroism revealed that the lipase refolded in the absence of Lif into a form with a native-like conformation, which was more stable against heatinduced denaturation than the native form, but was enzymatically inactive. This form of the protein could be activated by adding Lif after several hours, which demonstrates that the function of this chaperone is to help lipase to overcome an energetic barrier in the productive folding pathway rather than to prevent it from entering a non-productive pathway. The Lif was shown to interact with the native lipase in protease-protection experiments as well as by affinity chromatography, consistent with a role of the Lif late in the folding process. These results demonstrate that the Lif functions in a way analogous to the propeptides of many bacterial proteases and indicate that the amino acid sequence of the lipase does not contain all the information required for the protein to adopt its threedimensional structure.
INTRODUCTION
Although molecular chaperones are often required to assist protein folding in vivo, it is generally assumed that all the information for a protein to adopt its final three-dimensional structure is confined by its amino acid sequence (1) . Molecular chaperones, such as GroEL, function by preventing off-pathway reactions, such as aggregation rather than by providing steric information for newly synthesized proteins to fold correctly (2) . However, many bacterial extracellular proteases, including subtilisin and α-lytic protease, are synthesized as precursors with an N-terminal propeptide, which functions as an intramolecular chaperone (for reviews, see [3] [4] [5] . In contrast to the general chaperones, these propeptides directly catalyze the folding process by lowering a high-energy barrier on the folding pathway.
Since these propeptides contribute essential steric information to the mature domain of the protein, they have been termed "steric chaperones" (4) . After the folding process, the propeptides are cleaved off by intra-or inter-molecular processing. However, since the propeptides are an integral part of the primary structure of the initial translation product, it can be argued that their existence does not violate the principle of protein self-assembly (6).
Many Gram-negative bacteria, including Burkholderia glumae, Burkholderia cepacia and Pseudomonas aeruginosa, produce extracellular lipases (for a review, 7) that are secreted via the type II or general secretion pathway (8) . This secretion pathway involves two separate steps: first, the proteins are transported across the cytoplasmic membrane via the Sec system, and, only after they have folded in the periplasm into their native conformation, they are transported across the outer membrane via the Xcp system (9) . The folding of the lipases depends on general periplasmic folding catalysts, such as the disulfide isomerase DsbA (10) , and on a dedicated chaperone, which is encoded by a gene located in the same operon as lipA, the lipase structural gene (11) (12) (13) (14) . These dedicated chaperones have been designated by various names, but the general designation Lif (lipasespecific foldase) 1 has been proposed (7) and will be used in this paper. Lif proteins are 6 
MATERIALS AND METHODS

Bacterial Strain and Growth Conditions-Escherichia coli K-12 strain DH5α (19) was used
for routine cloning and for the expression studies. This strain was grown in Luria Bertani medium (LB) at 37 °C, unless otherwise stated. Ampicillin (100 µg/ml) or kanamycin (25 µg/ml) were added for the maintenance of plasmids.
Plasmids and DNA manipulations-General DNA manipulations were performed according to Sambrook et al. (20) . The cells were harvested by centrifugation, and the cell pellet was resuspended in 10 ml lysis buffer (10 mM Tris-HCl, 5 mM EDTA, 100 mM NaCl, pH 8.0). After the addition of 0.2 ml of 50 mg/ml lysozyme and 0.1 ml 20% Triton X-100, the cell suspension was incubated for 10 min at room temperature and subsequently sonicated on ice using a Branson Sonifier 450. Then, 20 ml buffer A (40% sucrose, 10 mM Tris-HCl, 1 mM EDTA, 100 mM NaCl, pH 8.0) were added, and cell debris was removed by centrifugation at 9000 rpm in an SS34 rotor for 30 min. glumae Lif could cause problems because of its hydrophobic N-terminal membrane-anchor, and since this membrane-anchor is dispensable for Lif functioning in vivo (21), we decided to purify only the periplasmic domain of the Lif. The DNA segment encoding the Nterminal 43 amino acid residues of the Lif, which include the transmembrane segment, were replaced by a DNA segment encoding a poly-histidine tag, and the recombinant gene was placed under the control of the T7 promoter (see Experimental Procedures). The recombinant Lif was produced in E. coli DH5α and found to be soluble, implying that it could be purified under non-denaturing conditions by affinity chromatography on a Ni 2+ -NTA column. The column was eluted stepwise with column buffer containing increasing amounts of imidazole. The His-tagged Lif eluted at 100 mM imidazole (Fig. 1, lane 4) . This purification procedure resulted in a highly pure His-tagged Lif, after a single affinity chromatography step. Occasionally, a minor contaminating band of 21 kDa was observed (Fig. 1, lane 4) , which also reacted with the antiserum against the Lif (results not shown),
implying that it represents a degradation product.
Unfolding-Refolding of Lipase-To study the function of the His-tagged Lif in the refolding of the lipase, we first established conditions to reversibly unfold the B. glumae lipase. Such conditions were met by incubating the enzyme at 56 o C for 1 h in the presence of the denaturant urea, of DTT to reduce the internal disulfide bond and of EDTA to chelate the Ca 2+ -ion, known to be present in the structure of the enzyme (24) . The CD-spectrum demonstrated that the protein lost its secondary structure under these conditions ( Fig. 2A) .
The incubation temperature for unfolding had to be carefully chosen, since incubation at covalent modification of the protein by urea (25) . Refolding of the denatured lipase was initiated by diluting the sample 100-fold in 0.1 M sodium-phosphate buffer (pH 7.4). In the absence of the His-tagged Lif, no lipase activity was detected after refolding (Fig. 2B ).
Furthermore, in contrast to the native lipase, the refolded lipase was sensitive to trypsin digestion (result not shown), even though CD-analysis showed a spectrum, which was similar to that of the native lipase ( Fig. 2A) . (Fig. 2B ). Even at higher Lif concentrations, the refolding efficiency did not reach 100%, suggesting that about 35% of the lipase molecules were irreversibly lost during the unfolding-refolding procedure. Alternatively, the presence of high concentrations of Lif could inhibit the enzymatic activity of the lipase to some extent. To test this possibility, native lipase was incubated with the His-tagged Lif, and lipase activity was measured (Fig. 2C ). Only at very high Lif concentrations, a slight 12 reduction of the lipase activity was noticed, demonstrating that the Lif does not act as an inhibitor of lipase.
Disulfide-bond formation during refolding-The native lipase of B. glumae contains one disulfide bond (24) . Surprisingly, the presence of an oxidizing agent was not required during the refolding reactions described in the previous paragraph, suggesting that either the disulfide bond is not essential for the formation of the active enzyme, or the disulfide bond was formed by spontaneous oxidation. To discriminate between these possibilities, the redox state of the cysteines after refolding was assessed by making use of the different electrophoretic mobilities of the reduced and the oxidized form of the lipase (Fig. 3) .
Directly after the initiation of refolding, the enzyme was present in the reduced form (Fig.   3, lanes 2 and 3) . After 2 h of refolding in the presence of Lif, a minor proportion of the lipase was in the oxidized form (Fig. 3, lane 5 ), whereas at this time point 65% of the activity was regained. Furthermore, after 2 h of refolding in the absence of Lif, an approximately equal amount of the lipase was oxidized (Fig. 3, lane 4) , which was, however, inactive. These results indicate that the disulfide bond is not essential for enzymatic activity of the lipase.
Kinetics of Refolding-The kinetics of the refolding were studied at a Lif : lipase molar ratio of 5 : 1. At 37 o C and in the presence of the Lif, more than 50% of the native lipase activity was regained within 10 min, whereas the maximum activity of 70% was regained within 2 h under these conditions (Fig. 4) . The amount of refolded lipase did not increase after longer refolding periods of up to 20 h (results not shown). In the absence of the Lif, no lipase activity was regained within 3 h (Fig. 4) , even though a considerable degree of secondary structure was formed ( Fig. 2A) . To investigate whether the lipase that was refolded in the absence of Lif was trapped as a folding intermediate that is stable in time, His-tagged Lif was added after 3 h incubation at 37 o C. Refolding was efficiently induced under these conditions and 65% of the native lipase activity was regained after 2 h incubation (Fig. 4) . This result demonstrates that the lipase accumulates as an intermediate in the correct folding pathway in the absence of Lif and that the Lif is probably required to overcome an energy barrier during the folding process. Lipase-Lif Interaction-To study whether Lif can interact with native lipase, affinity chromatography was applied. His-tagged Lif was immobilized to Cu 2+ -charged chelating sepharose beads. Subsequently, these beads were incubated with purified lipase. The beads were washed with column buffer containing 0 mM and 25 mM imidazole and the bound proteins were eluted with 10 mM EDTA. Most of the lipase was retained on the beads and was eluted together with the His-tagged Lif by EDTA (Fig. 6, lanes 1-3) . When the beads were not charged with His-tagged Lif or charged with the His-tagged Lif of P. aeruginosa, the lipase was not retained on the beads (Fig. 6, lanes 4-9) .
Stability of the folding intermediate-Although
The interaction between the B. glumae lipase and its cognate Lif was further demonstrated in protease-protection experiments. Whereas the native lipase is resistant to trypsin (15), 14 His-tagged Lif appeared to be sensitive to trypsin digestion (Fig. 7, lane 3) . However, when the His-tagged Lif was digested with trypsin in the presence of lipase, a 26 kDa protected fragment was observed (Fig. 7, lane 1) . Sequencing of the N terminus of this fragment by Edman-degradation revealed the sequence Ala-Met-Pro-Leu-Pro, which corresponds to amino acids 72 to 76 of the native Lif. This result indicates that the lipase interacts with the cognate Lif and protects it from trypsin degradation. No protected fragment was detected when the P. aeruginosa Lif was incubated with B. glumae lipase (Fig. 7, lane 4) , which is consistent with the specificity of the interaction.
CD-spectroscopy was applied to determine whether the interaction between lipase and Lif results in any conformational changes (Fig. 8) . Whereas the CD-spectrum of a solution containing the B. glumae lipase and P. aeruginosa Lif was equal to the sum of the two separate spectra (Fig. 8A) , the CD-spectrum of a solution of the lipase and its cognate Lif was distinct from the sum of the two separate spectra (Fig. 8B ). This result confirms that the lipase interacts with the cognate Lif and demonstrates that the interaction results in a conformational change in either one or both of the proteins. (27, 28) , which have been designated "steric chaperones" (4), since they apparently add steric information, which is lacking in the mature domains of these proteins.
Even though these propeptides have been shown to be able to function in trans as separate polypeptides (29, 30) , they are normally an integral part of the primary structure during the folding process. Therefore, their existence does not violate the principle of protein selfassembly (6). However, the Lifs are synthesized as separate polypeptides, and therefore, the primary structure of the lipases does not seem to contain all the information that is required for folding. The Lif was shown to form a stable complex with the native lipase, which is consistent with a role late in the folding process. The affinity of the Lif for the native lipase opens the possibility to study the interaction between the proteins at the atomic level by crystallization and X-ray diffraction. Interestingly, also the propeptide of the α-lytic protease has been shown to interact with the native protein, thereby forming a large complementary interface (31) . Since lipase protected a large 26 kDa fragment of the Lif from tryptic digestion, the interface in the lipase-Lif complex is probably large as well. The association of the propeptides of bacterial proteases to the native enzymes may be related to a second function of these chaperones, i.e. they act as inhibitors, which prevent proteolytic activity before the enzymes are secreted into the extracellular medium (32, 33) . Similarly, an inhibitor function of the Lifs has been suggested (34). However, the His-tagged Lif did not inhibit the enzymatic activity of the lipase in the assay described in this study.
Probably, an inhibitor function is not required in the case of lipases, since the cell membranes consist of phospholipids and lipopolysaccharides, towards which the lipases have no activity.
Since, in vivo, only the lipase is secreted, while the Lif remains associated with the inner membrane, the tight association between the lipase and Lif observed in vitro raises the question how the lipase is released from this complex. The interaction with components of the Xcp secretion machinery might be involved in this process. Similarly, it was recently reported that the activation of elastase of P. aeruginosa requires secretion via the Xcp machinery (35) . In the absence of a functional secretion apparatus, elastase could be released into the extracellular medium if the outer membrane was leaky due to structural defects in the lipopolysaccharides. However, the elastase that was released in this way remained inactive, probably because the dissociation of the propeptide, which acts as an inhibitor of the enzyme (33) , requires interaction with a functional Xcp machinery (35) .
Interestingly, there are more similarities between the folding pathways of the α- It has been argued that proteins that must survive in the presence of proteases need to have a highly cooperative unfolding barrier to suppress transient unfolding, which would render them susceptible to proteolysis (39) . A consequence of a large unfolding barrier is a large barrier for folding as well. The co-evolution of a foldase with the barrier provides an irreversible pathway to a kinetically-stabilized native state (31) . Obviously, this is the case for bacterial extracellular proteases, but it also applies for other enzymes that are secreted by the same organisms, such as lipase. In this respect, it is consistent to find that the lipases of various bacteria, including Burkholderia spp. and Pseudomonas spp., are dependent for their folding on a chaperone that functions in the same way as the propeptides of the proteases. The synthesis of the lipase and the Lif as separate polypeptides may be related to the incapability of the mature enzyme of autoproteolytic processing. glumae. MW, molecular weight marker proteins in kDa are indicated at the left. by guest on 
